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1 Soil ecosystem service (SES) approaches evidence the importance of soil for human well-being,
contribute to improving dialogue between science and decision-making and encourage the
translation of scientific results into public policies. Herein, through systematic review, we assess the
state of the art of SES approaches in tropical regions. Through this review, 41 publications were
identified; while most of these studies considered SES, a lack of a consistent framework to define
SES was apparent. Most studies measured soil natural capital and processes, while only three
studies undertook monetary valuation. Although the number of publications increased (from 1 to
41), between 2001 and 2019, the total number of publications for tropical regions is still small.
Countries with the largest number of publications were Brazil (n = 8), Colombia (n = 6) and Mexico
(n = 4). This observation emphasizes an important knowledge gap pertaining to SES approaches
and their link to tropical regions. With global momentum behind SES approaches, there is an
opportunity to integrate SES approaches into policy and practice in tropical regions. The use of SES
evaluation tools in tropical regions could transform how land use decisions are informed,
mitigating soil degradation and protecting the ecosystems that soil underpins.c.Open
Sci.8:2015841. Introduction
Soils are a limited natural resource, which support multiple ecosystems functions and associated services
[1]. Relationships, at different spatial and temporal scales, across human and non-human interfaces
sustain a cultural connection between soils, ecosystems and life [2]. Soils support human life through
the production of food, wood, fibre and purification of water, and support the delivery of other
diverse ecosystem services (ES) [3–5]. In acknowledgement of land degradation, and the importance
of soils in sustaining ecosystems and human life, the services provided by soils have been the focus of
recent discussions in the scientific literature [3,6–8].
ES approaches emerged at the end of the last century to encourage better dialogue between science
and decision-making, to provide further prominence between ecosystems and human needs and to help
translate scientific results into a format relevant to environmental governance and public policies [9,10].
Several conceptual frameworks aiming at a better understanding of ES have been developed [11–14].
These concepts have gained momentum in the literature in recent years and have also generated
criticism regarding their anthropocentric framing [15]. One of the outcomes of this challenge has been
the development of the concept of nature’s contribution to people (NCP) as a more comprehensive
definition. NCP considers that culture plays a vital role in the links between people and non-human
nature and the sense of understanding that non-human nature can provide benefits and harms to
human beings [14,16]. In the frameworks that address both concepts, soils have been little discussed
and largely overlooked [6,8,17].
A systematic review highlighted that until 2008, the concept of ES related to soil quality received less
attention when compared to biodiversity [18]. In the last 10 years, several authors have proposed and
developed conceptual frameworks and classifications of soil ecosystem services (SES) (figure 1) [3,6,7,9].
In these pioneering works, the importance of defining the concept of SES is highlighted. A systemic issue
in reaching a consensus on SES definition is that soil services have been used as a synonym for soil
functions and soil processes [7,20]. This imprecision in framing has blurred the lines. Semantically, the
word ‘service’ is defined as the supply of something that people need [21]. On the other hand, ‘function’
is the purpose of something or someone, and ‘processes’ a series of connected changes [21,22]. SES can be
understood as flows of soil natural capital stocks that benefit humans and can be classified into
regulation, provision and cultural [6]. Soil functions can be defined as flows arising from natural capital
stocks that benefit all nature (human and non-human) [19]. Also, services, functions and processes are
bounded by the properties of soil. In general, properties are directly measurable and express chemical (for
example, pH), physical (density and aggregation) and biological (floral and faunal communities)
characteristics. Soil processes are understood as the transformation of inputs into products, for example,
the decomposition of organic matter to form humus, the compaction of the soil that reduces infiltration
and promotes water run-off [6]. Soil service, function, processes and properties are summarized in figure 1.
The high demand for services provided by soils has transformed the global landscape [1]. Natural
ecosystems have been degraded and/or replaced by agricultural production, mining activities and
cities [23]. The impacts of such changes are projected to worsen with the increasing global population,
which, according to United Nations projections, may reach 9.7 billion inhabitants in 2050 [24].
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Figure 1. Illustrative framework of SES and their associated concepts—soil properties, soil process and soil functions. This




































1 society’s consumption habits, are urgently needed to assure the provision of SES. The absence of effective
measures to prevent further soil degradation will lead to intensification of climate change, hunger and
the spread of diseases [3,5,6].
Important tropical forests, such as the Amazon, are threatened by deforestation and fragmentation.
These forests usually house traditional populations deeply connected and dependent on forest
resources [25,26]. In addition, the tropical region houses countries (such as Brazil, India and
Indonesia) notable for their production of agricultural products [27]. The advance of the agricultural
frontier is often accompanied by soil degradation and its associated environmental and economic
impacts [28,29]. In addition, changes in land use and cover and heavy rainfall in the tropical region
have contributed significantly to soil erosion [30]. Improving this socio-ecological scenario is a huge
social and political challenge, as countries in the tropical region need to accommodate population
growth, food security, economic development, ecosystem conservation and the provision of ES [31].
The SES approach has the potential to contribute to divert this scenario of soil degradation.
Through a systematic literature review, we assessed the state of the art of SES in tropical regions. In
order to guide future research and to encourage a more robust critical view on evaluating and valuing
soil services, this study identifies knowledge gaps and problems associated with the use of the SES
concept in the tropical region. We investigated (i) how the concept was used in the studies that align
with SES concept, (ii) how SES have been evaluated and valued, and (iii) trends in publication over
time and geographic distribution of the studies.2. Material and methods
The systematic literature review was carried out through Web of Science, Scopus and Scielo database
searching for articles published until April 2019. The following keyword combinations were used in
the advance search engine: TS (topic) = (ecosystem service AND soil AND tropical region). We
recognize that the term ‘tropical region’ may have limited the search, as many articles use other
spatial cut-outs (example country names) to define their locations. However, there are more than 90
countries in the tropical region and considering all of them as search terms would render this
systematic review unfeasible from a practical standpoint. All articles found were read (n = 161). The
criteria for articles inclusion in the systematic review database were (i) articles consider tropical
regions (23.27° North and 23.27° South); (ii) articles must mention the term ‘Ecosystem Services’;
(iii) articles must be concerned with soil; and (iv) the terms ES and soil must be related (see electronic
supplementary material). The articles that met the criteria were exported to Mendeley (n = 41) for the
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1 discussion may have been explored in other articles and in the grey literature, that are absent in the
database assessed in this research (we acknowledge this represents a methodological limitation). Also,
there are likely to be published studies that addressed SES that do not present the terms ‘ecosystem
services’ linked with ‘soil’. These publications were not included in our database because they did not
use the terms that are part of the main research topic. The following information was extracted from
the downloaded articles: year of publication, country, location of the studies (coordinates), if the SES
were defined as flows, which SES were addressed and ES classification (regulation, provision and
cultural—figure 1), methods of assessing the SES and valuation (see electronic supplementary
material). All graphs were made using the SigmaPlot software v. 14 Trial Version. The map was made
in QGIS 3.4.4 to spatialize the number of studies by countries. The word cloud of the SES most cited
in the studies was made using the WordArt software.3. Results and discussion
3.1. Classification of soil ecosystem services in the case studies
Of the 41 articles evaluated, 36 provided some classification of SES. Among them, 17% (n = 7) of the
studies classified SES as services (understood here as the flow of soil natural capital stocks beneficial
to people); 41% (n = 17) of the studies classified SES as soil services, processes, properties and
functions; 29% (n = 12) classified SES as soil processes, properties and functions and 12% (n = 5) refer
to articles that related the SES concept to aspects of the soil that do not fit into any of the categories
(figure 3). Since its emergence, the ES concept has faced challenges for an accurate definition
[11,13,14,32]. The Economics of Ecosystems and Biodiversity (TEEB), for example, removed support
services from its framework as they do not directly benefit society and defined them as biophysical
structure, processes and functions [33]. As noted previously, in many studies, the term SES has been
used interchangeably with the terms soil function and soil processes [4,6,34]. This observation
highlights the need for adopting a clear and universal definition of SES.
The most addressed SES in the studies were carbon stock (n = 8), food provision (n = 6), carbon
sequestration (n = 4), flood mitigation (n = 4), water purification (n = 4) and water provision (n = 4)—
classified as regulation and provision SES (figure 4). Previous studies demonstrated that landscape
transformation and climate change could affect the tropical region more intensely, leading to loss of
biodiversity, causing more intense rain in certain regions and affecting food production [35–37]. This
fact may explain the greater attention of studies to these SES. Also, the market interest in the supply
of food, carbon stock and sequestration may have contributed to greater interest in these services. In a
global scale review of SES, the authors also found that most of the services covered were those of












Figure 3. Classification of SES according to the articles in the database.




































1 regions. This observationwas surprising given the enormous diversity of cultures in tropical regions and the
presence of anthropogenically modified soils (e.g. Amazonian Dark Earths and soil modified by charcoal
kilns in the Brazilian Atlantic Forest) [38–41]. A low number of publications referring to cultural SES has
been reported in previous publications [6] and might be explained by the fact that SES is often recognized
as supporting other ES [4]. In the discussion of ES, cultural services have been the least addressed in the
literature [42]. This observation highlights the need for a holistic SES approach that simultaneously
considers the multiple services delivered by soil and the cultural value of soil.
3.2. Assessing and valuating soil ecosystem services
The assessment of SES in tropical regions was proposed by eight studies out of the 41 analysed (table 1).
These studies showed different interpretations of the ES concept and the natural capital of soil. Some
studies (n = 3) assessed soil C stock ES and undertook soil natural capital stock measurements
(example: C stored in collected soil samples; table 1). Soil diagnoses based only on measurements of
the soil’s natural capital present one face of the soil condition and not the service operation. Other
studies reported models that simulated SES based upon both static (e.g. information on soil natural
capital stocks, properties and processes) and dynamic variables (e.g. how properties/processes vary
temporally) [9,51]. Only one study in our database considered dynamic variables (time scale); in this
instance, to measure flood mitigation and C stock [48]. It is highlighted that out with the studies
included in the database, several publications focused upon the temperate region, considered SES
assessment using models (static and dynamic variables), for example: modelling soil ecosystem
services (MOSES) [52], soil carbon, aggregation, structure turnover (CAST) (used for the SoilTrEC
Table 1. Studies, SES evaluated according to the authors and description of the methods.
reference soil ES assessment methods characterization
Ditt EH et al. [43] water filtration modelling
Lathuilliere MJ et al. [44] water purification and climate regulation modelling
Maass JM et al. [45] food provision interview
Marichal R et al. [46] C stock one field visit/laboratory analysis
Trilleras JM et al. [47] C stock and food provision one field visit/laboratory analysis
Campos A et al. [48] C stock and flood mitigation several field visits/laboratory analysis/modelling
Chanlabut U et al. [49] C stock one field visit/laboratory analysis




































1 project [53,54]) and AgriPolis [55,56]. Given this combined approach, we believe it is essential that future
studies that seek to assess SES in tropical regions consider both static and dynamic variables.
An attempt to undertake the valuation of SES in a tropical region was noted in three of the 41 studies
[57–59]. In these studies, services such as water purification [57], rubber plantation [58] and soil processes
such as erosion control and nutrient cycling were valued [59]. Studies seeking to value carbon stock and
carbon sequestration have been developed but have not yet been applied in tropical regions. Methods
that estimate the economic value of climate regulation are based on various factors, such as cost of
carbon sequestration in various contexts based on the market price of carbon or the willingness to pay
for increased soil carbon sequestration [60]. For soil carbon storage valuation, Keith et al. [61] propose
several options, including ‘land value’, ‘avoided carbon stock loss’ and ‘value of a fixed asset on the
balance sheet’ [61]. Many articles on SES published in recent years address the idea of assigning
prices to soil services, but rarely do they propose a number, nor do they suggest methods that can be
used to perform the valuation [19,62].
In this area of quantitative SES (e)valuation, much more effort is required. We recommend a transition
from the assessment of soil’s natural capital and process to a framework that pulls these elements
through to consider the multiple services delivered by soil. Evaluation of SES can contribute to a
holistic view of land use, a framework to appraise synergies and trade-offs and a lens through which
to focus on solutions and policies to optimize the supply of SES.3.3. Temporal and geographical distribution of case studies
The number of publications on SES in the tropical region has increased in recent years, especially over the
last 6 years (figure 5). This observation follows the global trend, in which the multidisciplinary scientific
interest in the ES theme has grown, due to the attention given by the governments and international
agencies to soil conservation as a necessity for human well-being [3,63]. A review of the soil quality
concept indicated that from 1970 to 2010, the concept was related to soil productivity (mainly for
agriculture) [64]. Currently, the concept of soil quality is related to the provision of ES and soil
multifunctionality [64].
Of all the countries located in the tropical region, only 15 studies connected soils to ES (figure 6). This
relatively low number may be related to the coupled-biases linked to only a small amount of funding for
research directed towards SES in the tropical region; this limiting the acquisition of data and restricting
the size of the database with which to support the evaluation of SES [65]. In most tropical countries, there
are studies that classified SES inconsistently, i.e. they also classified the SES as properties, processes and
functions (figure 6).
Of the total of 41 studies evaluated, the tropical region of the South American continent showed the
largest number of case studies (Brazil = 8, Colombia = 6 and Mexico = 4) (figure 6). This higher value in
Brazil (n = 8) may be related to its role as one of the world’s largest agricultural producers [66] and also to
the growing recognition of the ES concept in Brazil. Furthermore, environmental services promoted by
thematic research networks developed in recent years [67], with emphasis on the Sustainable Amazon
Network [68], Brazilian Agricultural Research Corporation—Embrapa’s Environmental Services
Portfolio [69], Biota Fapesp [70] and the Brazilian Platform for Biodiversity and Ecosystem Services
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1 The tropical region of theAfrican continent showed two case studies (Kenya = 2) and theAsian continent
four case studies (Indonesia = 2, Thailand = 1 andMalaysia = 1). Kenya has been gaining prominence in the
African continent on the themeof ES [72]. The lownumberof publications in the tropical region ofAfrica and
Asia highlight that more investment in research directed towards the SES theme is needed.
The SES theme can help in the development of policy instruments such as payments for SES
[10,73,74]. These mechanisms can encourage ecosystems conservation and restoration, initiatives that






































To our knowledge, this is the first systematic review regarding SES in the tropical region. Although
the number of publications devoted to SES and the tropical region has increased from 2001 to 2019
(from 1 to 41), the number is still small. This finding, in itself, highlights a persisting knowledge gap
and underscores that further research to capture SES data for the tropical region and its interpretation
is needed.
The temporal distribution of case studies indicates that the number of publications on SES in the
tropical region has increased in recent years, especially over the last 6 years. In terms of geography,
tropical South America stood out, and Brazil particularly so, with the greatest number of aligned
studies. Of the 41 articles evaluated, 36 provided some classification of SES, and the majority (41%)
classified SES as soil services, processes, properties and functions. Only eight studies assessed and
valuated SES. They showed different interpretations of the ES concept and the natural capital of soil.
We propose that future research dedicated to SES in a tropical context should clearly define and
adequately apply the concept of ES to the soil.
We assert that soil diagnoses based onlyonmeasurements of the soil’s natural capital present one face of
the soil condition; but, this is an incomplete view.Wehope that funding agencies supportmore SES projects
so that classification and methods will become more robust. It is also necessary to develop suitable soils
databases of the tropical region for the use of the scientific community dedicated to working with the
SES. We recommend a transition from the assessment of soil properties and soil function to a framework
that pulls these elements through to consider the multiple services delivered by soil, including the
cultural values. Evaluation of SES has the potential to contribute to a holistic view of land use, a
framework to appraise synergies and trade-offs and a lens through which to focus on solutions and
policies to optimize the supply of SES. However, efforts are required to develop policy instruments, such
as payments for SES, that will incentivize the conservation and restoration of ecosystems, maintaining
and enhancing the associated SES. We therefore urge scientists, farmers and governments in tropical
regions to collaborate and to work towards a common goal of holistic appreciation of SES.
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